there is overt disease; and (3) to individually optimize by timing prophylactic and/or therapeutic interventions aimed at restoring a disturbed circadian system and/or enhancing a healthy life span. Mapping changes in amplitude and/or acrophase that may overshadow any change in average value also avoids drawing spurious conclusions resulting from data collected at a fixed clock hour. Timely risk detection combined with treatment optimization by timing (chronotherapy) is the goal of several ongoing comprehensive community-based studies focusing on the well-being of the elderly, so that longevity is not achieved at the cost of a reduced quality of life.
changes as a function of age is not new. At the end of the 18th century, Christoph Wilhelm Hufeland, the private physician and friend of Goethe, Schiller, and Herder, published his famous Makrobiotik oder Die Kunst, das menschliche Leben zu verlängern (Macrobiotics or The 'Art of Prolonging Human Life') [1] , which earned him extraordinary popularity. Already then, he referred to what we now call the circadian period as 'the unity of our natural chronology' [2] . Concerns about dietary composition, however, should not overshadow concerns about the circadian timing and frequency of meals, factors reviewed herein to influence health and longevity. While adding 'years to life' is important, it should not be done without consideration for adding 'life to years', in other words to make sure 'to age well' and to reach a satisfying old age both physically and mentally.
To date, caloric restriction is the only known intervention capable of consistently and reproducibly prolonging life in several animal models [3] . The observation that laboratory rats not only live longer but also have fewer age-associated diseases when their food intake is restricted dates back to the 1930s [4] . Caloric restriction studies largely contributed to the birth of chronobiology, as reviewed elsewhere [5] . By trying to answer the question whether adrenocortical activation could be used to treat breast cancer and prolong life, Halberg documented the importance of the feeding schedule for the circadian rhythm of eosinophil counts. He showed that competing synchronization of lighting and feeding schedules can bring about phase differences leading to controversial results [6] . These experiments revealed that food restriction in mice lowers circulating eosinophil counts and amplifies their circadian rhythm [7] (online suppl. fig. S1 ; see www.karger.com/doi/10.1159/000450945 for all online suppl. material), thereby illustrating the importance of another rhythm characteristic, the circadian amplitude. Today, a growing body of work at the molecular level suggests reciprocal links between nutrient-sensing pathways and circadian clocks [8] .
Modern lifestyle perturbs the human circadian system in 3 primary ways: shift work, exposure to prolonged hours of artificial light, and erratic eating patterns [9] . Circadian disruption is detrimental to health and can lead to metabolic diseases such as diabetes and obesity [8] . Circadian clocks are tightly coupled to cellular metabolism and respond to lighting and feeding schedules. The beneficial impact upon health of strategies such as a regular lifestyle, caloric restriction, and regular exercise likely stems from their effect on strengthening and maintaining synchrony of the circadian system. This mini-review makes the case for a chronobiologic approach to the study of aging, not just to help unravel underlying molecular mechanisms, but first and foremost to help distinguish effects of natural healthy aging (senescence) from those associated with disease and predisease (senility). Senescence or primary aging involves detrimental time-related changes relatively independent of trauma and acquired disease. Differentiating changes associated with senescence from those related to senility is not easy. Many human studies of aging rely on a crosssectional design, which provides fairly quickly information regarding age trends from different age cohorts, but differences between age groups include confounding factors such as an effect of birth cohort and censoring due to the higher incidence of mortality and disease with increasing age. A longitudinal design overcomes these limitations but requires a much longer time to obtain results. In view of their shorter life span, most longitudinal studies have been carried out in animal models such as mice and rats. A major difficulty in separating human senescence from senility also stems from the lack of well-defined criteria for health status, usually defined negatively as the absence of disease. We show that the derivation of time-specified reference values in clinically healthy people qualified by gender, age, and ethnicity, accounting for circadian (and other) rhythmic variation, is a step toward defining health positively -useful to study both natural aging and to assess disease risk, aiming at primary prevention.
Mapping Trends with Age in Clinical Health
The first indication of a damping of circadian rhythms with advancing age came from studies by Franz Halberg in the 1950s, when he showed that both the rhythmadjusted mean [midline estimating statistic of rhythm (MESOR)] and the 24-hour amplitude of rectal temperature decreased with aging in the I strain of mice [10] . Later, a decrease in circadian amplitude was also found in the intraperitoneal temperature telemetered longitudinally in Sprague-Dawley rats, and in the body core temperature of the aging stroke-prone Okamoto (SHR-SP) rat, where it was accompanied by an advance of the circadian acrophase (timing of overall high values recurring each day) [11] . Studies on the SHR-SP rat further documented a decrease in the circadian amplitude of the blood pressure rhythm with advancing age.
To investigate the role of neurotransmitters in mechanisms of development, maturation, and aging, changes in circadian rhythm characteristics of brain monoamines were examined in specific brain regions of male Wistar rats of different ages [12] . A decrease in the circadian amplitude of dopamine, norepinephrine, and 5-hydroxytryptamine was almost invariably observed in the older age cohorts (online suppl. fig. S2 ). Since at 24 months of age, the animals were not truly senescent, the circadian amplitude can be expected to further decrease in older animals [12] .
In clinically healthy men and women, a reduced circadian amplitude of urinary catecholamines was observed as a function of age, together with a decrease in MESOR [13] . In clinically healthy women of 3 age groups, the circadian amplitude of several hormones decreased with age, notably of circulating dehydroepiandrosterone sulfate, cortisol, prolactin, and aldosterone [14] -results that have been replicated in several other studies. The circadian amplitude of urinary and circulating melatonin was also reduced in older subjects. In clinical health, the circadian amplitude of plasma renin activity was reduced in older women as compared to younger women. The circadian amplitude of serum aldosterone was also reduced in 70-to 78-year-old women, but not yet in 60-to 69-yearold women [15] . Acrophase and amplitude charts of circadian and other rhythms of major hormones, vital signs, and other physiological variables serve as useful reference standards in studies of aging, with additional consideration of factors such as altitude and area of residence (rural vs. urban) [16] .
In accordance with others, we found that in different populations of clinically healthy subjects, systolic blood pressure reaches a maximum around 80 years of age, whereas diastolic blood pressure starts decreasing around 50 years of age [17] , as illustrated for Caucasians in online supplementary figure S3. The dampened circadian variation of blood pressure with advancing age is accompanied by an increased prominence of both ultradian (higherfrequency) and infradian (lower-frequency) components and a circadian acrophase advance of about 2 h [18] (online suppl. fig. S4 ). The increased prominence of infradian components with advancing age reflects an increased day-to-day variability in the circadian characteristics of blood pressure, in part accounted for by increased aboutweekly variation and modulations by long-period cycles present in space weather, such as the about 1.3-year and 11-year cycles characteristic of solar wind speed and solar activity, respectively [19] , observed also in a longitudinal record of daily urinary excretion of 17-ketosteroids [20] .
Within the scope of our International Chronome Ecology Study Group on Heart Rate Variability (ICE-HRV) and our project on the Biosphere and the Cosmos (BIOCOS) [16] , electrocardiographic records and ambulatory blood pressure and heart rate records have been collected around the clock for 7 days in different geographic locations in patient populations and in clinical health. The time structure was mapped in humans of both genders as a function of age spanning the entire life span. In particular, comprehensive medical assessments carried out in several communities [16] showed that cognitive changes in the elderly may precede rather than follow a decline in sleep quality, that short-term time estimation (10 s) is related to cognitive function in the elderly, and that even mild depression is associated with larger day-to-day blood pressure variability, including a more prominent weekly variation in systolic blood pressure. We learned that in addition to a decreased circadian amplitude and an advanced acrophase of blood pressure, the circadian period is more likely to deviate from 24 h in the elderly. Apart from providing the needed data to derive time-specified reference values qualified by gender and age, these projects led to a better understanding of relationships between cardiovascular function, sleep, mental health and cognition, and quality of life more generally, thereby allowing the timely institution of prophylactic measures, shifting the focus from rehabilitation to prehabilitation medicine (primary prevention).
Caloric Restriction, Longevity, and Circadian Rhythms
Caloric restriction is the only intervention that has been repeatedly demonstrated to prolong life spans across taxa [8] and to reduce cancer incidence in mammals [3] . As compared to BALB/c mice fed ad libitum, mice fed during the first 4 h of the light or of the dark span had a larger circadian amplitude of rectal temperature, corticosterone, and liver glycogen. In this and subsequent studies, the amplitude of circadian rhythms was generally increased when food intake was restricted to a single daily 'meal' [2, 21] . Meal-feeding altered aspects of carbohydrate and lipid metabolism. It brought about internal desynchronization, as circadian rhythm characteristics of different variables underwent different changes as a function of the timing of the 'meal' in relation to the daily lighting regimen. The acrophase of some but not all circadian rhythms was altered depending on the timing of food availability, making it possible to manipulate relations between rhythms in a predictable way.
To determine whether effects of 'meal' timing on circadian rhythms were relevant to the well-known beneficial effect of food restriction on life span, additional studies were designed to separate the possible role of rhythm alteration from that of food restriction itself. Female CD2F1 mice allowed to feed ad libitum throughout their life were compared to 3 other groups undergoing lifelong restriction to about 75% of ad libitum intake, either in the early light or dark span, or receiving 6 smaller 'meals' at about 2-hour intervals during darkness (to approximate the pattern of ad libitum feeding) [22] . The overall mean life span or the 10th-decile life span did not differ between the 3 restricted groups [22] . The life span was shorter and tumors (mostly mammary) appeared sooner and were more prevalent in the group fed ad libitum than in the restricted groups, with no differences between the 3 restricted groups. Restricted feeding was associated with a larger circadian amplitude of telemetered body core temperature, more so with single than with multiple 'meals'. Suggested factors contributing to the effect of food restriction on survival consisted of a lower body temperature, a reduced overall metabolic rate, and an increased circadian amplitude [22] .
In humans, short-term studies of single daily meals, consumed as fixed 2,000 kcal or by free choice, showed a relative weight loss on 'breakfast only' but not on 'dinner only' [5] . A greater weight loss at 'breakfast only' versus 'dinner only' is in accordance with circadian variation in diet-induced thermogenesis, which is higher in the morning than in the evening in healthy people [23] . Weight loss on 'breakfast only' was smaller on a freechoice meal, even though subjects consumed fewer than 2,000 kcal on a free-choice meal. This apparent paradox may reflect the existence of distinct networks of hypothalamic neurons governing consummatory and appetite behaviors [24, 25] . Other studies showed that caloric restriction and physical exercise improved biomarkers of human aging such as body mass index, blood pressure, glucose, insulin, and lipids, and decreased the risk of aging-associated diseases such as diabetes and cardiovascular conditions [26] .
As reviewed elsewhere [5] , body temperature, a biomarker of longevity, is decreased by prolonged caloric restriction in humans. Lower caloric intake has been associated with a longer life span in Okinawans, as well as with reduced body weight, blood pressure, blood cholesterol, and blood glucose -variables related to major killer diseases. It has been suggested that caloric restriction and low body temperature may increase life spans synergistically and independently [5] . A larger body mass index correlated negatively with the circadian amplitude of blood pressure in some studies. A lowered metabolism being implicated in obesity, meal timing -if not overall caloric restriction -presents itself as an appealing lifestyle option available to increase metabolism and reduce body weight.
While caloric restriction and physical exercise are the only known nonpharmacologic interventions capable of delaying aging in rodents and primates, efforts have recently been made to evaluate the relative merits of pharmacologic interventions using geroprotectors as a key stage toward clinical applications [26] . Despite limited clinical investigations performed thus far, the mTOR inhibitor RAD001 (everolimus) was reported to have beneficial effects on immunosenescence in elderly volunteers [26] . The oral antidiabetic drug metformin, which activates AMPK in the liver, was also reported to decrease cardiovascular disease risk, cancer incidence, and overall mortality as compared to other antidiabetic drugs [26, 27] . Other candidate geroprotectors include glycolysis inhibitors, inhibitors of the GH/IGF-1 axis, activators of the sirtuin pathway, inhibitors of inflammatory pathways, and modulators of epigenetic pathways [27] . By identifying essential pathways, it is believed that aging interventions will delay and prevent disease onset for many chronic conditions of adult and old age [27] . As geroprotectors are being developed for human use, one should bear in mind that several overlapping pathways likely contribute to the aging process, and that circadian rhythms are likely to play a role at all stages of geroprotectors' development. This includes the determination of optimal administration times, reaching a balance between higher efficacy and lesser toxicity. Testing should preferentially be done on actual outcomes rather than being limited to physiologic biomarkers.
Suprachiasmatic Nuclei, Circadian Rhythms, and Aging
In the mid-1970s, experiments were performed in Halberg's laboratory involving lesioning of the suprachiasmatic nuclei of male inbred Fischer rats, followed several weeks later by implantation of a sensor for continuous monitoring of their intraperitoneal temperature. The suprachiasmatic nuclei are a small brain area of roughly 20,000 neurons situated in the hypothalamus, directly above the optic chiasm. When both suprachiasmatic nuclei were destroyed, the circadian rhythm in telemetered temperature from freely moving animals exhibited a great amplitude reduction and a circadian acrophase advance, the same features as those observed during the aging process. An increase in amplitude with no change in acrophase of the circadian temperature rhythm was associated with a unilateral lesion of the suprachiasmatic nuclei [28] (online suppl. fig. S5 ), a result later independently replicated in hamsters.
Lesioning of the suprachiasmatic nuclei was later performed in adult brown house mice of both sexes to determine any effect on the prominent circadian rhythm of the mitotic index of the corneal epithelium. A large reduction in circadian amplitude was again demonstrated. These results led Halberg to conclude that 'this hypothalamic area integrates the composite of information from within and without the body, i.e., matching internal schedules to changes in external ones and vice versa'. Persistence of the circadian rhythmicity of [
3 H]-thymidine incorporation into the DNA of different organs (tongue, esophagus, gastric stomach, and colon) and of the mitotic index of the corneal epithelium of female BD2Fl mice after bilateral lesioning of the suprachiasmatic nuclei was later demonstrated [29] . The most consistent result was a phase advance in the rhythms in cell proliferation in the tongue, esophagus, gastric stomach, colon, and corneal epithelium, and a reduction in the circadian amplitude detected in the tongue, esophagus, and corneal epithelium.
The increase in amplitude found for the stomach, colon, and serum corticosterone suggests that the suprachiasmatic nuclei represent but one cog in the overall 'clock' mechanism, however important it may be. It has been pointed out that the transcriptional/posttranscriptional delayed feedback loop cannot account for all circadian rhythms in cells [30] . It was suggested that a complementary nontranscriptional-transcriptional coordination mechanism may interact with the classical transcriptional-transcriptional one, and that NAD, involved in energy metabolism, may be involved in their interaction [31] . The presence of intact food anticipatory activity in suprachiasmatic nucleus-ablated rodents or those lacking functional circadian oscillator genes [9] also points to yet unidentified genes and circuits in eating pattern determination. Based on multiple lesion studies performed on animal models with ablation at the level of hypothalamic, corticolimbic, and brainstem structures and adrenals, it has been suggested that circadian coordination is achieved by means of a distributed, decentralized system of oscillators, with contribution in gain setting by the metabolic hormones ghrelin and leptin [32] . The suprachiasmatic nuclei may also be involved in the coordination of other-than-circadian rhythms, as suggested by a circaseptan amplification in dentin accretion after ablation of the suprachiasmatic nuclei in Wistar rats [33] .
The relative independence of the gut from the suprachiasmatic nuclei deserves further investigation. Stimulation of ghrelin production was shown to prolong the life span in 3 different mouse lines, 2 of them with shorter life spans, and to promote better heart health, memory consolidation, and movement [34] . Ghrelin, a hormone involved in hunger, is secreted from the stomach in response to caloric restriction, and coordinates metabolism. Ghrelin signaling activates SIRT1, a NADdependent deacetylase, which was reported to interact directly with CLOCK and to deacetylate BMAL1 and PER in mammals [8] . The nutrient sensor AMPK -directly phosphorylating and destabilizing CRY1 and acting upstream of PER -may also affect SIRT1 activity [8] . SIRT1, which declines with age in the suprachiasmatic nuclei [35] , is required for high-magnitude circadian transcription of several core clock genes [32] . NAD + , generated through de novo biosynthesis from tryptophan, is central for both metabolism and circadian rhythmicity [32] . Through the SIRT1 pathway, treatment for ghrelin resistance may exert a protective effect against brain and other organ/tissue pathologies during the process of aging [34] .
Microbiota in the gut may also play a role in host health, and their structure is apparently shaped by diet. Lifelong caloric restriction on both high-fat and low-fat diet was shown to significantly change the overall structure of the gut microbiota of C57BL/6J mice [36] . Caloric restriction enriched phylotypes positively correlated with life span and reduced phylotypes negatively correlated with life span. These calorie restriction-induced changes in the gut microbiota were associated with significantly reduced serum concentrations of lipopolysaccharidebinding protein. The structurally balanced architecture of gut microbiota thus established may hence exert a health benefit to the host via reduction of the antigen load from the gut [36] .
Circadian Rhythms, Metabolism, and Aging Signaling Pathways
Most physiological variables are eminently circadian periodic, including those involved in metabolism that are important to ensure that development, survival, and reproduction remain synchronized to environmental changes along the 24-hour scale. Disruption of the circadian system has been linked to increased disease risk, leading to metabolic diseases such as diabetes and obesity. Even in the absence of disease, aging is accompanied by a decline in circadian rhythmicity. Sleep fragmentation, which contributes to a weakened circadian system, was associated with a higher mortality risk in the Rotterdam Study [37] . An age-related decline in circadian organization may account for the reduced amplitude and the increased scatter of acrophases observed in many physiological variables in the elderly.
Circadian clocks are tightly coupled to cellular metabolism [8] Aging is generally associated with a weakening of the circadian system. The circadian amplitude is reduced and the circadian acrophase becomes more labile, tending to occur earlier with advancing age. Similar features have been observed in the experimental laboratory after bilateral lesioning of the suprachiasmatic nuclei. These results suggest the involvement of clock genes in the aging process, as they are in various disease conditions, which are associated with circadian rhythm disruption. Caloric restriction has been consistently and reproducibly associated with healthy life prolongation in several animal models. A regular routine and physical exercise also help maintain a strong circadian system. To these natural lifestyle options, relative merits of pharmacologic interventions using geroprotectors are being investigated toward clinical applications, but side effects need to be kept in mind. In the presence of overt disease, treatment can be optimized by timing to restore a healthy time structure as a means toward health recovery. © Halberg Chronobiology Center. SCN = Suprachiasmatic nucleus.
neurodegenerative disorders [9] . Proposed mechanisms involved include adaptive stress responses, bioenergetics, inflammation, and improved repair and removal of damaged molecules and organelles [9] ( fig. 1 ) . mTORC1, involved in the latter mechanism, is a protein complex that functions as a nutrient/energy/redox sensor. Interest in its upstream signaling arose from its relation to aging: inhibition of mTORC1 was associated with a marked prolongation of life spans in several model species. Carbohydrate consumption was found to activate mTORC1 by means of the insulin growth factor pathway (glucose also activates mTORC1 via Rag GTPases, independently of insulin signaling). Inhibition of mTORC1 was reported to help with autophagy, to increase respiration in the mitochondria to protect against reactive oxygen species, and to conserve stem cells in their undifferentiated condition. Circadian rhythms in phosphorylation of known mTOR targets in the liver, heart, and spleen from wild-type mice are reportedly disrupted in the tissues of BMAL1 knockout mice [38] . BMAL1 deficiency is associated with premature aging and reduced life span, as is increased mTOR signaling. mTORC1 activity is increased upon BMAL1 deficiency both in vivo and in cell culture [38] . Treatment with the mTORC1 inhibitor rapamycin increased the life span of Bmal1 -/-mice by 50% [38] . In mice, prenatal deletion of Bmal1, a core circadian clock gene, disrupts clock-dependent oscillatory gene expression and behavioral rhythmicity coincident with reduced body weight, impaired hair growth, abnormal bone calcification, eye pathologies, neurodegeneration, and a shortened life span [39] . Yet, mice in which the gene is knocked out after birth do not exhibit many of these aging-related phenotypes, suggesting that the circadian clock gene plays different roles during embryogenesis and after birth [39] . These results support the Barker hypothesis that factors impinging on fetal development can influence the expression of aging and life span in adult life [39] .
Many of the aging signaling pathways are linked to mechanisms underlying different disease conditions. Blocking disease development constitutes one way to promote healthy aging. The median life span in both male and female wild-type mice of 2 distinct genetic backgrounds was extended by using a transgene to induce apoptosis in p16
Ink4a
-expressing cells starting at 1 year of age (middle age) as compared to vehicle-treated mice [40] . Cellular senescence is often characterized by expression of p16
. Senescent cells which accumulate in various tissues and organs over time are thought to play a role in aging. The clearance of p16 Ink4a -positive cells was found to delay tumorigenesis and attenuated age-related deterioration of several organs without apparent side effects. Treated mice had healthier hearts and kidneys, developed cancers later in life, and lived 20-30% longer than untreated mice [40] .
Turning back to human studies, it has been suggested that basic clock properties of peripheral cells do not change during aging [41] . Clock properties of fibroblasts cultivated from dermal biopsies of young and older subjects did not differ in period, amplitude, or phase between the 2 groups. A circulating factor may, however, play a role, since measurement of the same cells in the presence of human serum from older donors reportedly shortened period length and advanced the phase of cellular circadian rhythms as compared to treatment with serum from young subjects, suggesting that the phase advance observed in the elderly may be related to sleep fragmentation, changes in eye physiology, or hormonal changes with age that involve a factor possibly acting upon nonsuprachiasmatic nuclear regions of the brain and periphery [41] .
Following-up on these results, Chen et al. [42] studied the effect of aging on circadian patterns of gene expression in the human prefrontal cortex. This brain area is particularly important for cognitive performance and executive function, and it has been implicated in time estimation, an endogenous timekeeping system different from the circadian system. The authors used a time-ofdeath analysis to identify transcripts throughout the genome that have a significant circadian rhythm in expression in the human prefrontal cortex. Comparing postmortem brain samples from clinically healthy subjects in 2 age groups (older than 60 vs. younger than 40 years), they found consistent effects of age on the circadian pattern of expression for PER1 and PER2, specifically involving a phase advance and a reduction in amplitude. They also identified over 1,000 genes that exhibited age-dependent circadian rhythmicity or alterations in rhythmic patterns with aging; some of these genes are known to play a role in rhythm coordination in the suprachiasmatic nuclei.
The identification of molecular pathways involved in aging is an active field of research. A collection of community-curated pathways and knowledge related to aging is available at http://www.agingchart.org/wiki/Main_ Page. It contains over 100 pathways, networks, and concept maps on all topics related to aging, from gene-centered pathways to those describing aging processes, age-related diseases, longevity factors, and antiaging strategies. The interactive diagrams can be further explored and up-dated with new contributions. Circadian maps of key elements in this aging chart would be a valuable addition. A database of circadian expression profiles in mammals, based on RNA-seq and DNA arrays quantifying the transcriptomes of 12 mouse organs over time (http://circadb. hogeneschlab.org/), already provides useful information.
Rhythms as the Indispensable Control
A decrease in circadian amplitude and an advance in circadian acrophase are general features of senescence, also observed after bilateral lesioning of the suprachiasmatic nuclei. By contrast, caloric restriction, associated with a longer life span, is characterized by an increased circadian amplitude. It thus seems mandatory to assess circadian variation as the indispensable control. Since differences in amplitude and/or acrophase are not necessarily accompanied by a difference in overall mean value (MESOR), sampling at a fixed clock hour can lead to spurious results [43] , as illustrated in online supplementary figure S6 for the case of 1-min time estimation by a clinically healthy man [44] . Circadian rhythmic change can be so large that in several self-measured variables it was more important than that associated with aging over an entire decade [45] .
Halberg's extended cosinor method lends itself well to the estimation of circadian (and other) rhythm characteristics, as it does not require data to be equidistant. In addition to rhythm detection, each parameter is estimated with a measure of uncertainty, making it possible to test for differences in amplitude and/or acrophase as well as for differences in MESOR, not only for group comparison but also on an individual basis. The availability of monitoring devices has greatly helped in assembling clinical Prophylactic intervention aimed at primary prevention (diet, exercise, pharmacologic, ...) Fig. 2 . The quantitative estimation of variability taking place within the physiological range leads to refined reference values that help (1) to distinguish effects of natural healthy aging from those associated with disease and pre-disease, (2) to detect alterations in rhythm characteristics as markers of increased risk before there is overt disease, and (3) to individually optimize by timing prophylactic and/or therapeutic interventions aimed at restoring a disturbed circadian system and/or enhancing a healthy life span. Timely risk detection combined with treatment optimization by timing (chronotherapy) is the goal of several ongoing comprehensive community-based studies focusing on the well-being of the elderly, so that longevity is not achieved at the cost of a reduced quality of life. © Halberg Chronobiology Center.
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Gerontology 2017;63:118-128 DOI: 10.1159/000450945 126 data from presumably healthy people, some monitored around the clock for decades by a few dedicated individuals [19] . It thus becomes possible to derive time-specified reference values and reference values for the MESOR, circadian amplitude, and circadian acrophase, further qualified by gender and age. Predictable variation within the physiological range can thus be mapped as a step toward defining clinical health positively and quantitatively ( fig. 2 ) .
Establishing chronobiologic standards allows detecting early changes taking place within the physiological range. Deviation from time-specified norms, in turn, can be viewed as an indication for increased disease risk, detected well before there is overt disease. An opportunity then exists to intervene in a timely manner, as 'prehabilitation', before there is a need for rehabilitation. Alterations to circadian (and other) rhythm characteristics in the presence of increased disease risk address questions of secondary aging (senility). When acted upon in a timely manner, healthy rhythmic patterns can be restored, and hence existing risks can be reduced, as shown in several clinical trials [16] (online suppl. fig. S7 ).
Nonpharmacologic or pharmacologic treatment when needed can be optimized by timing (chronotherapy), preferably guided by marker rhythmometry. Using tumor temperature as a marker rhythm, chronoradiotherapy for patients with cancers of the oral cavity led to a faster tumor regression rate and doubling of 2-year disease-free survival rates when it was applied at the time of peak tumor temperature, as compared to 4 or 8 h before or after that time or without consideration of circadian timing (treatment as usual) [46] . Circadian genes have now been linked to tumor suppression and disruptions in circadian genes related to cancer growth [47] , the amplitude of circadian rhythms being associated with the prognosis of cancer patients.
In the field of blood pressure, clinical outcome studies in the USA, Europe, and Asia showed that an elevated blood pressure (MESOR-hypertension) is not the only cardiovascular disease risk factor. An excessive circadian amplitude of blood pressure and an acrophase of blood pressure, but not of heart rate, occurring outside the 90% prediction limits of clinically healthy peers matched by gender and age are circadian alterations associated with a greatly increased cardiovascular disease risk (online suppl. fig. S8 ). In an outcome study, uncomplicated MESOR-hypertension was associated with about 9% morbidity at the 6-year follow-up [19] . Deviation from the norm by 1 or 2 additional features of blood pressure or heart rate variability raised 6-year morbidity from 9 to 29 and 53%, respectively [19] . Recognizing that different patients present with differently altered circadian profiles of blood pressure (chronodiagnosis), chronotherapy is best adjusted to the chronodiagnosis (chronotheranostics) [43] via truly personalized medicine, since the optimal treatment time differs from one patient to another, as demonstrated in a study by Watanabe et al. [48] .
Concluding Remarks
Chronobiologic facts, concepts, and methods are relevant to gerontology and geriatrics. Reference values accounting for rhythms and for changes with gender and age offer new sensitive endpoints as gauges of health and indicators for disease and predisease, making it possible to distinguish the presence of an increased disease risk from healthy aging (online suppl. fig. S9 ). Effects of interventions such as caloric restriction or any other new geroprotector are readily assessed on an individual or population basis by a chronobiologic interpretation of longitudinal data from physiological monitors. Tracking physiological changes as a function of time helps health maintenance and even health improvement, thus 'adding life to years' and not just 'years to life'.
